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Project Objective

< Define interactions between stress and chemistry in controlling
magnitude and the longevity of permeability-enhancement on
hydraulically and chemically stimulated critically-stressed fractures

<+ Agents generating porosity: shear dilation, sub-critical cracking, dissolution
and corrosive fluids, thermal stresses and effects

<+ Agents destroying permeability: stress-mediated dissolution and sub-critical
crack growth

<+ Develop Constitutive models [s-t-T-C-Q]

< Upscale to determine influence on fluid and thermal production
using THMC coupled models
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EGS Problem

Why is project important to EGS program?

<+ A long-lived, low-impedance, broadly-swept, high heat transfer system is essential in addressing
the Scents/kWh goal

< Minimizing short-circuiting and maximizing reservoir management
< Minimizing seismicity and maximizing controlled permeability enhancement is crucial
What technical issue does the project address?
< Reservoir generation and longevity
Addresses Technical Challenges:
<+ Reservoir design and development: Short-circuit mitigation and permeability control
<+ Reservoir Operation and Management
Addresses Barriers:
< Inadequate stimulation technology and reservoir control
How will project help to achieve overall program goals?
< Add fundamental understanding of stimulation and permeability control
<+ Develop tools for O&M and permeability and stress control
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Background/Approach

< Define the controls on the development of reservoir
permeability:
< Stress (s -t) — critically stressed and shear
# Chemistry (C) — incl. stimulants
< Temperature (T)
< Hydraulic regime (Q)
<+ Develop Constitutive models [s -t-T-C-Q]
< Upscale through coupled THMC codes

< Parametric studies for various development strategies Q-C
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Purpose

Towards the engineering of “EGS”:

— Long-lived

— Low-impedance

— High heat flow

Consistent understanding of the evolution of flow
connections resulting from stimulation

— Physical (effective stresses)

— Chemical (dissolution/precipitation)

Critical influences of:

— Mechanical Influences [THM]
— Chemical Influences [THC]

Importance where fractures are “critically stressed”
Resolve anomalous observations

Elsworth, JGR, 1989

} THMC



Approach

S Hydro-Mechanical Hydro-Chemic

Constitutive Models

Modeling/
Upscaling




Results/Accomplishments

< Experimental studies
<+ CT-Reactor
<+ SDS-Reactor

< Constitutive modeling

<+ Modeling
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Experimental Studies — CT-Reactor

Tools:
\
v Qfluid
v Q » ?k & ?b ?
mass
v x-ray CT
DIORITE
Diameter [mm] 64
Length [mm)] 90
Matrix Porosity [%] <0.01
Temperatures [°C] 20-60-90
Effective Stress [MPa] 13
Delta Pressure [MPa] 1.3
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Change in Flow Rate and in Mass Concentration
of Major lons with Test Duration



Change in Hydraulic Aperture and in Mass
Concentration of Major lons with Test Duration

b’ dp
12 di

0=d

Q: Recorded Flow Rate
d: Sample Diameter

: Water Viscosity
dp: Differential Pressure
dIl: Sample Length



Change in Hydraulic Aperture and Dissolved
Mass Removed with Test Duration
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Three-dimensional view of the fracture voids within the fracture

Initial Final




dimensional view of the fracture voids within the fracture
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Change in Hydraulic Aperture Produced for

Various Contact Area Ratios of the Contacting

Fracture

Ab M Ac

Ab: Equivalent Change
in Aperture

M = AM : Mass Rate
At

Ac: Presume Surface
Area of Removal
p: Density of Dissolved
Material
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Process Model of change in Aperture with
Applied Stress

Change in Critical Stress with Temperature

Em 1—1 M

m S - N
E,,: Heat of Fusion: 8.57 KJ/mol a0
T Temperature of Fusion: 1883 K

Vm: Molar Volume: 3.7505 m3/m0| 0 0 20 3 40 5 6 70 8 90 100

Temperature [C]




Ll

3
o X
-
|
o

Confining piggeyreg

¢ 4

July 18, 2006 Marriott Hotel
Golden, CO



Experimental Configurations

Tools:
R "::’:y v Qfluid !
AEErEEsEEEsm " / Qmass > ? k & ? b ?
v ?u,
J
Novaculite
Thickness [mm] 22.38
Width d [mm] 45
Length / [mm] 50
Matrix Porosity [%] <0.01
Confining Pressure [MPa] 6
Differential Pressure [MPa] 0.1
Total Normal Stress [MPa] 10




Yertical Displacement micron
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Upscaling — THMC Constitutive Models for Transport

H (change of aperture)

Pressure solution
thermal s _.-t="7 Driven by T via C

mechanical s __» Pressure solution
/ Driven by s via C

C

b M mechanical deformation Relatively well understood
2y T-M thermomechanical deformation y

3y M-C pressure solution-type change

4 T-C pressure solution-type change

July 18, 2006 Marriott Hotel
Golden, CO



Final TMC induced aperture change

b=b, +{b,. +b,, exp(-ac)}exp — P —% G’

\\ VAN J
Y Y

M & TM induced change MC & TC induced change
The shape simplified from critical stress

Stress has a dual role - mechanical deformation and acceleration of
pressure solution

Final equivalent permeability was calculated on orthogonally fractured rock
using cubic law

b3

k=
12s



T-M-C induced aperture change

i ---;,E“ alfsaspe .| .
=0 3 n-*”'_"-_-__ 3 "-.w
5 _ b= b, +b, exp(-oa)exp(-(F-T)c) § = - ‘H‘ N
e o a=01, =14, +v= 4000 E | B e !.h i
. S increase % : RS lﬁl o
; 3 . T increase i) LT |
L an B | L |
MNORMAL STRESS (MPa) ™

Application to novaculite (laboratory) and granodiorite (field) matches
relatively well

Further study regarding the effect of unloading/cooling is under way
Experiment with increasing stress under isothermal condition is planned
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Upscaling — THMC Modeling

TOUGHREACT — Accommodation of temperature, multi-component phase equilibria,
pressure diffusion, multi-phase hydrologic transport, and chemical
dissolution/precipitation (Time dependent)

FLAC3D — Mechanical constitutive relations (Stress equilibrium)

July 18, 2006 Marriott Hotel
Golden, CO



= FLAC3D

i — L
2G
U:2GU+U kk ij szj_ TT ij
, G
GV u. + Up i — Pp,i_|— TT,z’ _Fi

= TOUGHREACT

d / [ /
o = Jrnar



1-D Validation
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Parameter

Value

Deformation modulus (GPa)
Poisson ratio

Porosity

Initial permeability (m?)
Reservoir temp (C)

Water injection temp (C)

58
0.22
0.19

1.0x10-12
250
40

m EGS Reservoir



Conditions

Pore Pressure (Pa)

I 2.0000e+007 to
B 2.0500e+007 to
2.1000e+007 to
2.1500e+007 to
2.2000e+007 to
2.2500e+007 to
2.3000e+007 to

B 2.3500e+007 to

B 2.4000e+007 to

B 2.4500e+007 to

M 2.5000e+007 to

2.0500e+007
2.1000e+007
2.1500e+007
2.2000e+007
2.2500e+007
2.3000e+007
2.3500e+007
2.4000e+007
2.4500e+007
2.5000e+007
2.5300e+007

>

Temperature (C)

4.0521e+001 to
B 7.5000e+001 to
B 1.0000e+002 to
B 1.2500e+002 to
B 1.5000e+002 to
B 1.7500e+002 to
B 2.0000e+002 to
B 2.2500e+002 to

7.5000e+001
1.0000e+002
1.2500e+002
1.5000e+002
1.7500e+002
2.0000e+002
2.2500e+002
2.4828e+002

1 day

1 month




Stress

<
S, (Pa)

-5.8800e+007 to -5.0000e+007
B -4.5000e+007 to -4.0000e+007
B -3.5000e+007 to -3.0000e+007
B -2.5000e+007 to -2.0000e+007
= -1.5000e+007 to -1.0000e+007

-5.0000e+006 to 0.0000e+000
= 5.0000e+006 to 1.0000e+007

1.5000e+007 to 2.0000e+007
B 2.5000e+007 to 3.0000e+007
] 3.0000e+007 to 3.3100e+007

>
Syy GE))

-4.6600e+007 to -3.0000e+007
B -3.0000e+007 to -2.0000e+007
B -2.0000e+007 to -1.0000e+007
I -1.0000e+007 to 0.0000e+000

0.0000e+000 to 1.0000e+007
B 1.0000e+007 to 2.0000e+007
B 2.0000e+007 to 3.0000e+007
B 3.0000e+007 to 4.0000e+007
B 4.0000e+007 to 5.0000e+007
W 5.0000e+007 to 5.9600e+007




Stress (cont)

<
S )

-3.1100e+007 to -2.5000e+007
-2.5000e+007 to -2.0000e+007
-2.0000e+007 to -1.5000e+007
-1.5000e+007 to -1.0000e+007
-1.0000e+007 to -5.0000e+006
-5.0000e+006 to 0.0000e+000
0.0000e+000 to 5.0000e+006
5.0000e+006 to 1.0000e+007
1.0000e+007 to 1.5000e+007
1.5000e+007 to 2.0000e+007
2.0000e+007 to 2.5000e+007
2.5000e+007 to 2.9700e+007

1 month

>

s, (Pa)

-5.9500e+007 to -4.0000e+007
B -4.0000e+007 to -3.0000e+007
M -3.0000e+007 to -2.0000e+007
-2.0000e+007 to -1.0000e+007
-1.0000e+007 to 0.0000e+000
0.0000e+000 to 1.0000e+007
1.0000e+007 to 2.0000e+007
B 2.0000e+007 to 3.0000e+007
[
i

3.0000e+007 to 4.0000e+007
4.0000e+007 to 4.9100e+007
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Results/Accomplishments

o Hide Yasuhara —Recipient of ARMA’s 2006 NGW Cook Ph.D. Award
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Conclusion

< Anticipate completion in Sept 2008 with 1-year NFX from Oct 2007

< Anticipated Benefits/Products

< Understanding of spatial permeability evolution in EGS reservoirs:

< Fundamental understanding of processes ? Development of constitutive models
? Upscaling via modeling

< Routine stimulation and chemical stimulants
< Sweep-efficiency, evolution, and propensity for short-circuiting
< Reservoir longevity and O&M
< Providing information where meager data exist — shear-perm inclusive of
enigmatic time-dependent effects
+ Understanding of local-scale evolution of micro-seismicity

<+ Development of modeling tool for coupled THMC effects
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